A total of 99 bacterial isolates that originated from root nodules of Glycine soja were characterized with restriction analyses of amplified 16S ribosomal DNA and 16S-23S rDNA intergenic spacers (ITS), and sequence analyses of 16S rRNA, rpoB, atpD, recA and nodC genes. When tested for nodulation of G. soja, 72 of the isolates were effective symbionts, and these belonged to five species: Bradyrhizobium japonicum, Bradyrhizobium elkanii, Bradyrhizobium yuanmingense, Bradyrhizobium liaoningense and Sinorhizobium fredii. All of these, except some B. yuanmingense strains, also formed effective nodules on the domesticated soybean Glycine max. The remaining 27 isolates did not nodulate either host, but were identified as Rhizobium. Phylogeny nodC in the G. soja symbionts suggested that this symbiosis gene was mainly maintained by vertical gene transfer. Different nodC sublineages and rrs-ITS clusters reflected the geographic origins of isolates in this study.
Introduction
The genus Glycine Willd. includes subgenera Glycine, which is currently composed of 16 species that are perennial, and Soja, which includes two annuals: the cultivated soybean Glycine max Merr. and the wild soybean Glycine soja Sieb. & Zucc. (Shoemaker et al., 1986; Hymowitz et al., 1998) . Glycine max is one of the most important grain legumes widely cultivated around the world. Glycine soja is considered to be the wild progenitor species of G. max and can hybridize with G. max readily without reproductive isolation. Glycine soja is distributed throughout East Asia, including Korea, Japan and the far eastern regions of Russia, and is centered in China (Li, 1994) . This species is a hygrophilous herbaceous leguminous plant, often found along the river, near the bottomland and the foot of hills, the rivulets and reed fields. Glycine soja is characterized by its high protein content in seeds and strong resistance to environmental stresses, and is thus valuable in breeding new cultivars of G. max. Moreover, G. soja is an 'ideal' green manure and foliage plant with a high content of N and other essential elements.
Glycine max, as other legume crops, is distinguished by its capacity to form nitrogen-fixing nodules caused by the invasion of rhizobia. Currently, about 80 rhizobial species in 10 genera of Alphaproteobacteria and two genera of Betaproteobacteria have been documented for diverse legumes. Among them, Bradyrhizobium japonicum, Bradyrhizobium elkanii, Bradyrhizobium liaoningense, Bradyrhizobium yuanmingense, Bradyrhizobium canariense, Mesorhizobium tianshanense and Sinorhizobium fredii are known as microsymbionts of G. max grown in different geographic regions around the world (Jordan, 1982; Chen et al., 1991 Chen et al., , 1995 Kuykendall et al., 1992; Xu et al., 1995; Camacho et al., 2002; Yang et al., 2006; Man et al., 2008; Yang & Zhou, 2008; Han et al., 2009; Wang et al., 2009) . In contrast, the microsymbionts of G. soja have not been studied systematically, although some isolates from G. soja nodules have been classified as S. fredii, B. japonicum and B. elkanii (Chen et al., 1991; Wang et al., 2009) , which are also symbiotic bacteria of G. max. In addition, rhizobia of G. max can effectively nodulate G. soja (Scholla & Elkan, 1984) . These results imply that G. soja and G. max may share their microsymbionts. However, G. soja normally grows in natural environments that are not directly affected by such human activities as the application of fertilizers and agrochemicals. Therefore, differences between the rhizobia of G. max and G. soja might be found if isolates from G. soja were studied more extensively.
The aim of this study was to investigate the diversity of rhizobia associated with G. soja in different ecoregions of China where there is a higher level of genetic diversity of G. soja compared with G. max and geographically differentiated gene pools of G. soja have been reported recently (Wen et al., 2009) . Phylogenies of molecular markers such as 16S rRNA gene, atpD, recA and rpoB, and restriction fragment length polymorphism (RFLP) of 16S rDNA and 16S-23S rDNA intergenic spacers (ITS) were used for investigation of the genomic background of nodule isolates from G. soja. Moreover, RFLP and phylogenetic analysis of nodC were used to obtain an indication of the symbiotic diversity in nodulating bacteria of G. soja. The rhizobia of G. soja were compared with those previously described from G. max.
Materials and methods

Bacterial strains
Root nodules of G. soja were collected mainly from three geographic regions in China (Table 1) : (1) the Northeast Region (Northeast) represented by sampling sites in Heilongjiang Province (the natural reserve of the Three River Plain) and in Jilin Province; (2) the Yellow River Valley, also known as Huang-Huai-Hai Plain (Yellow), represented by sampling sites of Beijing and Shandong Province; and (3) the South Region (South) represented by the sampling sites in Jiangxi, Hubei and Anhui Provinces. All the sampling sites were far from fields affected by human activity; some characteristics of the sampling sites are presented in Table 2 . A standard procedure and yeast-mannitol agar (YMA) medium (Vincent, 1970) were used to isolate rhizobia from fresh root nodules. Single colonies were picked after 3 days, or 7-14 days of incubation at 28 1C, and purified by repeated streaking on YMA medium. The purity was checked by colony morphology and microscopic examination of the cellular morphology after Gram stain. All the pure isolates were incubated on YMA slants at 28 1C and maintained at 4 1C for temporary storage or in YM broth with 20% w/v glycerol at À 70 1C for long-term storage.
Nodulation test
The nodulation ability of G. soja isolates with the original host plant (G. soja) and G. max was tested using the method of Vincent (1970) . The seeds of G. soja were treated with concentrated sulfuric acid for 7 min to remove the wax layer and the bacteria on the seed surface, followed by washing six or seven times in sterilized water. The seeds of G. max were surface sterilized with 0.2% of an HgCl 2 solution as recommended by Vincent (1970) . All the surface-sterilized seeds were germinated on 0.8% agar-water plates in the dark at 28 1C for 24-36 h. Then two germinated seeds were placed in each glass tube filled with sterilized vermiculite moistened with a low-N nutrient solution (Vincent, 1970) . Two days later, the healthy seedlings were inoculated with each of the isolates (around 10 6 CFU per tube), and the negative and positive controls were inoculated with sterilized water and B. japonicum USDA 110, respectively. The inoculants were prepared by growing the bacteria in 5 mL of YM broth at 28 1C with agitation 12-24 h (for fast-growing bacteria) or 3 days (for slowly growing bacteria). The nodulation tests were performed in quintuple. All the plants were grown in a growth chamber with illumination of 16 h for daylight and 22 1C/18 1C for day/night. Nodules were harvested after 1 month. The effectiveness of the rhizobial strains was identified by the red color in the nodules and the dark green leaves of the plant. To verify that the nodules were induced by the inoculated bacteria, several nodules in plants inoculated with each test strain were randomly selected to isolate the bacteria inside. Several colonies were picked after 3 days and/or 7-14 days of incubation at 28 1C, and BOX-PCR fingerprinting patterns of the reisolates were compared with those of the inoculants. The primer (5 0 -CTA CGG CAA GGC GAC GCT GAC G-3 0 ) and the procedure for BOX-A1R PCR described by Versalovic et al. (1994) were used.
Molecular characterization of rhizobia by PCR fingerprinting
Total DNA of each isolate was extracted according to the method of Terefework et al. (2001) , and used as the template to amplify different genes. Primers P1/P6 and the PCR procedure described by Tan et al. (1997) were used to amplify the almost complete 16S rRNA gene. Four restriction endonucleases MspI, HaeIII, HinfI and AluI (Takara) recommended by Laguerre et al. (1994) were used separately to digest the PCR products following the manufacturer's instructions. The 16S-23S ITS were amplified by PCR using the primers FGPS1490 and FGPL132 0 (Terefework et al., 1998) . The PCR procedure was the same as the amplification of 16S rRNA gene, but the annealing temperature was 56 1C. The ITS PCR products were digested separately with MspI, HhaI and HaeIII (Takara). nodC gene fragments were amplified using the primers nodCfor540/nodCrev1160 and the corresponding procedure (Sarita et al., 2005) and digested separately with the endonucleases AfaI, TaqI, MspI, HaeIII and HinfI (Takara). The restricted fragments were separated by electrophoresis in a 3% w/v of agarose gel supplied with 0.5 mg mL À1 ethidium bromide and the restriction patterns were scanned under UV light and recorded using ALPHAIMAGER software version 4.0. A dendrogram was constructed based on the restriction (RFLP) patterns of each DNA fragment mentioned above using Dice coefficient and the UPGMA algorithm in the GELCOMPAR II software package (Vauterin & Vauterin, 1992) . Strains sharing the same RFLP patterns were classified as an rDNA type (rrs-type), ITS type or nodC type according to the DNA region analyzed. We applied a combined analysis of 16S rDNA-RFLP and ITS-RFLP by on average combining these two types of patterns and clustering with the same method described previously (Han et al., 2008) . This method grouped the test strains into precise branches, which were the same as those grouped by ITS-RFLP on the one hand and showed nearly the same topology as the dendrogram of 16S rDNA-RFLP on the other (Han et al., 2008) . Each combined RFLP pattern was defined as an rrs-ITS-RFLP type, such as 1-1 (Table 1) . The test strains were divided into different rrs-ITS-RFLP clusters according to the grouping results of combined cluster analysis, taking the clustering results of reference strains as the controls.
Sequencing and phylogenetic analyses
Based on the grouping results of rrs-ITS-RFLP, representative isolates for different clusters were chosen to sequence the 16S rRNA gene and three housekeeping genes (atpD, recA, rpoB) . Representative strains of different nodC-RFLP types were selected to sequence the nodC gene. The atpD, recA and rpoB genes were amplified using, respectively, the primers atpD-F/atpD-R (Gaunt et al., 2001) , recA 41F/recA 640R (Vinuesa et al., 2005) and rpoB83F/rpoB1540R (Rivas et al., 2009 ). The 16S rRNA and nodC genes were amplified as described above. The PCR products were directly sequenced using the same primers as those for amplification. The GenBank accession numbers of the sequences obtained in this study are GU552880-GU552901 and HM446268-HM446270 for the 16S rRNA gene, GU552975-GU552993 and HM446277-HM446279 for rpoB, GU552949-GU552970 and HM446274-HM446276 for recA, GU552902-GU552923 and HM446271-HM446273 for atpD and GU552926-GU552948 for nodC. These sequences and those of related strains available in GenBank were aligned using CLUSTAL X software (Thompson et al., 1997) . Phylogenetic trees were constructed using the neighbor-joining method (Saitou & Nei, 1987 ) with Kimura's twoparameter model (Kimura, 1980; Tamura et al., 2007) using
The nodC sublineage, rrs-ITS cluster and geographic origin of G. soja rhizobia were treated as three discrete variables. Correlations between rrs-ITS clusters or nodC sublineages and geographic origins were tested by a w 2 -test using SPSS 11.0.
Results
Rhizobial isolation and nodulation assay
A total of 99 bacteria were isolated from nodules of G. soja (Table 1) , of which 27 isolates were non-nodulating strains and 72 isolates could form effective nodules with G. soja. On the other hand, the nodulating strains of G. soja could also nodulate G. max effectively, except some strains subsequently defined as B. yuanmingense. The numbers of symbiotic strains isolated from Northeast, Yellow and South were 22, 23 and 27, respectively (Tables 1 and 2) .
Genetic diversity of G. soja isolates
Five 16S rDNA haplotypes belonging to Sinorhizobium and Bradyrhizobium were identified among the symbiotic strains based on the result of 16S rDNA-RFLP (Table 1 , Supporting Information, Fig. S1 ). Four 16S rDNA types belonging to Rhizobium were observed among the non-nodulating strains (Table 1, Fig. S1 ).
In the study of ITS-RFLP, most strains produced one PCR band, but several fast-growing rhizobia had PCR bands of different lengths. The ITS-PCR products were used directly for individual digestion by different restriction endonucleases, and 61 ITS-RFLP types were uncovered among all the 99 strains, with 13, 27 and 21 ITS-RFLP types found among Sinorhizobium, Bradyrhizobium and Rhizobium, respectively (figures not shown). A dendrogram based on all strains (figure not shown) showed cross-groupings of strains between different genera or species. In rrs-ITS-RFLP analysis (Table 1 and Fig. S2 ), 13 rrs-ITS clusters were revealed among the G. soja rhizobia. According to the grouping results of reference strains, these clusters putatively belonged to Rhizobium leguminosarum (cluster I), These rrs-ITS-RFLP clusters were not only the same as those grouped by ITS-RFLP performed for the respective genera but also showed a topology similar to 16S rDNA-RFLP (Fig.  S1 ).
Phylogenetic analysis of G. soja isolates
Twenty-five representative strains of different rrs-ITS clusters were selected for phylogenetic analysis. The rrs-ITS clusters (A-D, I-L, CCBAU 15278) of Sinorhizobium and Rhizobium were confirmed in 16S rRNA gene, atpD-recA and rpoB phylogenies ( Figs S3 and S4; Fig. 1 ). The rrs-ITS clusters of Bradyrhizobium formed an intermingled clade in the 16S rRNA gene phylogeny, but were clearly differentiated in atpD-recA and rpoB phylogenies. According to the similarity level of atpD, recA and rpoB uncovered by earlier studies on related rhizobial species or genera (Gaunt et al., 2001; Adékambi et al., 2008 Adékambi et al., , 2009 Martens et al., 2008; Rivas et al., 2009) , the tested strains might be classified as S. fredii, B. japonicum, B. liaoningense, B. elkanii, B. yuanmingense, R. leguminosarum, R. lusitanum, R. rhizogenes, R. alamii, Rhizobium sp. I and Rhizobium sp. II. In the phylogeny of atpD or recA (figures not shown), B. elkanii strains did not form a distinct subclade as in 16S rRNA gene phylogeny, but were intermingled with strains of B. japonicum and B. yuanmingense. This was in contrast to the phylogenetic trees of atpD-recA, and rpoB. Considering the lack of congruence between the phylogenies of atpD and recA in Bradyrhizobium (Vinuesa et al., 2005; Rivas et al., 2009) , the concatenated dataset must be interpreted with caution. However, the conflicting signals may be leveled out when combining these incongruent partitions (Rivas et al., 0.02 Fig. 1 . Phylogenetic tree of the rpoB gene. The evolutionary history was inferred using the neighbor-joining method. Bootstrap confidence levels 4 50% are indicated at the internodes. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using Kimura's two-parameter method and are in the units of the number of base substitutions per site. The strains in this study are in bold type.
2009), as revealed herein for the phylogeny atpD-recA, which had topology similar to that of rpoB. The rpoB phylogeny of G. soja isolates was almost congruent with the rrs-ITS-RFLP results, although CCBAU 43024 and CCBAU 43008 of rrs-ITS cluster G (Bradyrhizobium sp.) were grouped with B. japonicum USDA 110 (100% similarity) and B. yuanmingense LMG 218287 T (99.2% similarity), respectively. It should be noted that, in all these abovementioned phylogenies, B. japonicum USDA 110 and CCBAU 43024 did not cluster with the type strain of B. japonicum, indicating two potentially different species (van Berkum & Fuhrmann, 2000; Vinuesa et al., 2008) .
Analyses of PCR-based RFLP and sequencing of the nodC gene
In this study, no symbiosis gene (nodC, nodA or nodD) was amplified from Rhizobium strains that could not form nodules on G. soja (data not shown); therefore, these strains were excluded from further analysis. Nine nodC types were revealed in nodC-RFLP analysis of Bradyrhizobium and Sinorhizobium strains (Table 1) . Twenty-three representative strains of these nodC types were used for sequencing and phylogenetic analysis of nodC (Fig. 2) . Five sublineages of nodC were uncovered for G. soja rhizobia. The phylogenetic relationship defined by nodC gene was almost identical to those of the housekeeping genes, with a few exceptions. CCBAU 23159 (nodC type 8), defined as B. liaoningense in phylogenetic analyses of housekeeping genes ( Fig. 1; Figs S3 and S4), was located in the sublineage II where B. yuanmingense was the dominant species. On the other hand, B. japonicum and B. liaoningense were the majority of sublineage I (Man et al., 2008; Han et al., 2009) . Interestingly, analysis of those nodC sequences of G. max isolates available in GenBank showed that sublineage I also had nodC sequences similar to those found in S. fredii and B. yuanmingense, and that sublineage II contained nodC like that of B. japonicum in addition to those mentioned above. The alignment of the deduced partial amino acid sequences of NodC revealed conserved substitutions at eight sites between sublineages II and I. Five of these substituted sites in sublineage II were also shared by sublineages III and IV, whose number of conserved substitutions compared with sublineage I was 11. In short, these results indicated that the nodC genes of rhizobia from G. soja and G. max could be divided into five sublineages that roughly mimic the species phylogeny.
Geographical distribution of nodulating G. soja rhizobia
The w 2 -test was carried out between the two variables nodC sublineage or rrs-ITS cluster and geographic origin, and the value of Fisher's exact test was 54.570, P o 0.01 and 63.443, P o 0.01, respectively, indicating a significant correlation between geographic origin and nodC sublineage or rrs-ITS cluster.
As shown in Fig. 2 and Table 1 , more nodC sublineages or types were found in South than in the other two regions. Similarly, there were more rrs-ITS clusters or types in South than those of Northeast and Yellow (Table 1 ).
Discussion
Rhizobial species nodulating G. soja Three genetic diversity centers of G. soja in China, the Northeast, the Yellow River Valley and the Southern China have been proposed (Vavilov, 1973; Dong et al., 2001; Wen et al., 2009) . In an attempting to uncover the gene pools of rhizobia associated with G. soja, 99 nodule isolates from 12 sampling sites in three abovementioned ecoregions were investigated herein. In this study, the nodulating G. soja rhizobia were identified as S. fredii, B. japonicum, B. yuanmingense, B. elkanii and B. liaoningense . These five species, in addition to B. canariense and M. tianshanense, have been reported to be able to nodulate G. max in different geographic regions (Chen et al., 1995; Yang et al., 2006; Appunu et al., 2008; Man et al., 2008; Suzuki et al., 2008; Vinuesa et al., 2008; Yang & Zhou, 2008; Han et al., 2009) , indicating similar microsymbionts shared by G. soja and G. max.
The data in Table 2 suggested a nonrandom distribution of G. soja rhizobia in three ecoregions. Furthermore, the geographic distributions of G. soja rhizobia were roughly congruent with the isolates of G. max. Bradyrhizobium japonicum of G. max, widely distributed in different continents and climatic zones (Madrzak et al., 1995; Ando & Yokoyama, 1999; Yang et al., 2006; Appunu et al., 2008; Man et al., 2008; Suzuki et al., 2008; Vinuesa et al., 2008; Yang & Zhou, 2008) , prefers acidic soils such as those of Northeast and South and was the minority rhizobium of G. max in Yellow (Yang et al., 2006; Man et al., 2008; Yang & Zhou, 2008; our unpublished data) . In this study of G. soja isolates, B. japonicum was found to be the dominant species in Northeast and South, but absent in our collection of Yellow (Table 2) . Bradyrhizobium elkanii was isolated mainly in the subtropical and tropical regions around the world as the symbiont of G. max (Ando & Yokoyama, 1999; Man et al., 2008; Vinuesa et al., 2008) , and was mainly found in South as G. soja rhizobia. Most B. liaoningense isolates of G. soja were found in Northeast. Although B. liaoningense USDA 3622 T was isolated from Liaoning Province, Northeast China (Xu et al., 1995) , this species is not only broadly distributed in China but also present in East and Southeast Asia (India, Myanmar, Vietnam) (Yang et al., 2006; Appunu et al., 2008; Man et al., 2008; Vinuesa et al., 2008; Han et al., 2009; our unpublished data) . Sinorhizobium fredii isolates of G. soja were mainly found in the temperate region of China with a semi-arid climate and neutral to slightly alkaline soils, and this is consistent with the studies of G. max isolates (Camacho et al., 2002; Man et al., 2008; Suzuki et al., 2008; Han et al., 2009 ). However, two strains of S. fredii nodulating G. soja were collected from Northeast, where S. fredii has never been recovered from G. max nodules (Yang et al., 2006; Man et al., 2008; Yang & Zhou, 2008) . Bradyrhizobium yuanmingense was originally isolated from Lespedeza plants in Beijing (Yao et al., 2002) Fig. 2 . Phylogenetic tree of nodC gene sequences. The relationships between the nodC types and the related bacterial species and the distribution and proportion of different nodC types in three ecoregions are shown. The evolutionary history was inferred using the neighbor-joining method. Bootstrap confidence levels 4 50% are indicated at the internodes. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using Kimura's two-parameter method and are in the units of the number of base substitutions per site. GenBank accession numbers for the sequences of nodC types were GU552929 (CCBAU 10078), GU552932 (CCBAU 33136), GU552931 (CCBAU 15111), GU552930 (CCBAU 10079), GU552926 (CCBAU 10064), GU552928 (CCBAU 10074), GU552927 (CCBAU 101022) for type 1, GU552933 (CCBAU 43043), GU552934 (CCBAU 43114) for type 2, GU552941 (CCBAU 33170), GU552947 (CCBAU 43182), GU552944 (CCBAU 61210) for type 3; GU552942 (CCBAU 33018) for type 4, GU552935 (CCBAU 33168), GU552939 (CCBAU 43024), GU552938 (CCBAU 61214), GU552937 (CCBAU 61212), GU552936 (CCBAU 15216) for type 5, GU552948 (CCBAU 43220) for type 6, GU552945 (CCBAU 25028), GU552943 (CCBAU 25050) for type 7, GU552940 (CCBAU 23159) for type 8 and GU552946 (CCBAU 43008) for type 9. The boldface represents the nodC types and sublineages found in this study, as well as the proportion of relevant strains in the three eco-regions.
G. max was first discovered by Appunu et al. (2008) in India, and then reported in Southern China, Myanmar and Vietnam (Man et al., 2008; Vinuesa et al., 2008) . It is noteworthy that many strains of B. yuanmingense, including the type strain CCBAU 10071 T , could not effectively nodulate G. max (Yao et al., 2002; Rodriguez-Navarro et al., 2004; Gu et al., 2007; Yang & Zhou, 2008) . However, Appunu et al. (2008) found some G. max isolates that have nodC-RFLP types identical to those of B. yuanmingense CCBAU 10071 T . In this study, B. yuanmingense strains (except CCBAU 43008) isolated from G. soja could not nodulate G. max and had the same nodC sequence as B. yuanmingense CCBAU 10071 T (Fig. 2 ). Despite these inconsistencies between different studies, G. soja isolates of B. yuanmingense (except CCBAU 43008) could be different from the G. max biovar of B. yuanmingense (Appunu et al., 2008; Man et al., 2008; Vinuesa et al., 2008) . In geographic origin, all these G. soja isolates of B. yuanmingense that could not nodulate with G. max were isolated from Yellow, where B. yuanmingense CCBAU 10071 T was isolated. Further comparative studies on B. yuanmingense populations of G. soja and G. max would provide some insight into the adaptive evolution of rhizobia during soybean domestication.
In this study, we did not find strains related to B. canariense and M. tianshanense from G. soja nodules. The reason could be that these species do not nodulate G. soja or that the range of sampling sites is still limited.
Symbiotic diversity of G. soja rhizobia
According to nodC phylogeny and nodulation tests, it seemed that symbiosis genes of rhizobia associated with G. soja could have origins similar to those of G. max. The phylogenetic relationship of G. soja rhizobia in nodC is similar to that of housekeeping genes, indicating vertical transfer of the symbiosis genes.
The correlation between nodC sublineage and geographic origin of rhizobia might reflect the geographic differentiation of host germplasm, as reported for Rhizobium etli of P. lunatus in centers of host diversification, and R. leguminosarum bv. viciae and Rhizobium fabae associated with different gene pools of Vicia faba (Aguilar et al., 2004; Tian et al., 2007 Tian et al., , 2010 . Although significant geographic distributions of nodC sublineages were also observed for G. soja rhizobia, more studies including competitive nodulation tests would be needed to clarify this question. Interestingly, the genetic diversity of the G. soja population in South was higher than that in the populations of Northeast and Yellow (Wen et al., 2009 ) and, consistent with this, South harbors more nodC types and more rrs-ITS types than the other two ecoregions. Thus, it would be an appealing hypothesis that the diversity center of G. soja might also be the diversification center of compatible rhizobia.
Non-nodulating bacteria of G. soja
Rhizobia can live saprophytically in soil, and occasionally form nodules with legumes (Denison & Kiers, 2004; Duodu et al., 2005) . Those non-nodulating strains exist widely in the rhizosphere of leguminous plants (Segovia et al., 1991; Pongsilp et al., 2002; Sachs et al., 2010) and even coexist with nodulating strains in nodules, sometimes helping rhizobium to extend its host range (Denison & Kiers, 2004; Liu et al., 2010) . Non-nodulating Rhizobium strains have been isolated from a wide range of plant taxa (Sturz et al., 1998; Surette et al., 2003; Mano & Morisaki, 2008; Ulrich et al., 2008; Tanaka & Nara, 2009 ). Sachs & Simms (2008) noted that the non-nodulating form may be the dominant form of Rhizobium in natural ecosystems.
In this study, 27 Rhizobium strains were also isolated as non-nodulating bacteria of G. soja. Consistent with this, no nodC, nodA or nodD genes could be amplified from these strains. One hypothesis is that these so-called non-nodulating strains were originally nodulating, but have very unstable nodulation genes that were lost in culture (Soberón-Chávez et al., 1986; Martínez et al., 1990; Segovia et al., 1991) , but it would be surprising if the nodulation genes were lost in all 27 isolates without exception during our study. However, an interesting observation led us to another hypothesis, namely that these 27 non-nodulating fast growers might be passengers in nodules formed by other nodulating rhizobia. In the nodulation test of G. soja isolates, two Rhizobium strains, CCBAU 15457 and CCBAU 45174, were first found to be able to form nodules on G. soja, but two types of colonies, some fast growing and a considerable number of slow growing, were obtained on YMA plates from nodules caused by inoculation of these two Rhizobium strains. Identical BOX-PCR fingerprinting patterns were revealed between the fast-growing colonies and the inoculant CCBAU 15457 or CCBAU 45174. This phenomenon might be attributed to the contamination of bradyrhizobia in the seeds or from other sources, as CCBAU 15457 and CCBAU 45174 could not induce nodulation with G. soja in more tests. This indicated that these two non-nodulating strains were passengers in nodules formed by other, slowgrowing bacteria. The high frequency with which these nonnodulating strains were found in this study (27/99 nodules sampled) suggests that these strains were regular passengers. They may not have been the predominant bacteria in the nodules in number, but being fast growing, they would be much more readily isolated than a slow-growing Bradyrhizobium, which we presume was the actual nodulating bacterium. We might have, unfortunately, missed those nodulating bradyrhizobia when we just purified a single colony from each nodule of G. soja in this study. However, much more convincing evidence in favor of this hypothesis would be needed. The study on these apparently abundant non-nodulating Rhizobium species may provide a new framework for the understanding of the evolutionary history of bacterium-plant interaction and the ecology of Rhizobium species (Segovia et al., 1991) . Fig. S1 . Dendrogram based on the cluster analysis of 16S rDNA-RFLP. Fig. S2 . rrs-ITS-RFLP dendrogram based on the cluster analysis of combined 16S rDNA-RFLP and ITS-RFLP. Fig. S3 . Phylogenetic relationships of 16S rRNA gene sequences was inferred using the neighbor-joining method. Fig. S4 . Phylogenetic tree of concatenated sequences of atpD and recA.
Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
